Quantum dots (QDs) adsorbed on the surface of polymeric photocatalysts improved the photochemical generation of singlet oxygen due to the efficient energy transfer process from the semiconductor nanoparticles to the bound organic photosensitizer (rose bengal).
There is an urgent need to nd sustainable methods to carry out chemical reactions in order to meet the increasing demands of industrialized societies. Solar light is the primary source of energy and hence methods and materials employing photocatalytic strategies are gaining popularity.
1 But the full electromagnetic spectrum irradiated by the Sun is not properly harnessed by most photocatalytic materials. The paradigmatic example of this situation is titanium dioxide, a semiconductor material studied for more than 40 years and used in a long list of applications, which suffers from the important drawback of not absorbing visible light (400-800 nm) and hence it must be activated using UVA light (315-400 nm).
2 Taking into account this limiting issue, basically three strategies have been followed: (1) doping of TiO 2 with elements yielding materials absorbing in the visible range; (2) use of new colored inorganic architectures not based on titania (iron or bismuth based materials, for instance); and (3) use of organic photocatalysts (photosensitizers) either soluble or supported on a variety of matrices. As recently pointed out by Lacombe and Pigot, 3 the use of organic photosensitizers attached to a solid matrix has the main advantage of using visible light for the excitation but other advantages can also be envisaged as are the possible tuning of the absorption wavelength, as well as that of the hydrophilicity, porosity and adsorptive features of the support, and the elimination or signicant reduction of the aggregation of the photosensitizer. In this regard, the list of selective photo-oxygenations mediated by supported photocatalysts is already extensive.
1-3 However, there is still room for improvement. In many cases, even when using visible light part of the potentially useful radiation from the Sun is missing, since the corresponding photosensitizers absorb only in narrow wavelength ranges leaving important spectral windows with weak (or negligible) absorptions. For instance, porphyrins absorb strongly around 420 nm (Soret band), very weakly at ca. 550-600 nm (Q bands) and negligibly at 440-540 nm and above 650 nm (depending on the particular structure). A similar situation applies for all the organic photosensitizers, which display characteristic absorption bands but also well-dened valleys.
4
Extending the range of excitation is a problem that was tackled in the eld of photodynamic therapy of cancer (PDT).
5
In PDT, laser light is used to generate cytotoxic reactive oxygen species (ROS), but sometimes it is not possible to use an excitation wavelength matching the maximum absorption of the photosensitizer. In a pioneering paper by the group of Burda, 6 the absorption of a silicon phthalocyanine photosensitizer was extended with a CdSe semiconductor quantum dot. This nding represented a breakthrough later conrmed and developed by others. 7 It is now widely accepted that the broad absorption of QDs can be used to sensitize (via Förster Resonance Energy Transfer) a neighboring photosensitizer, or in other words, to serve as 'light antennas' to capture energy of wavelength not usable directly by the photosensitizer. The eld has evolved rapidly, leading to the publication of a vast number of papers analyzed in several reviews. 8 Despite of the sensitization process above described, the advantages of this strategy seem to be applied almost only to the eld of medical sciences (PDT and bioimaging) but not specically to the use of light to promote catalytic oxidations.
In this communication we report the extension of the range of excitation of a certain polymer supported organic photosensitizer by using semiconductor quantum dots. By means of this procedure the production of singlet oxygen has been efficiently accomplished using a wavelength (450 nm) where the photosensitizer naturally does not absorb. To the best of our knowledge this is the rst time that FRET sensitization via QDs is applied to a catalytic oxygenation mediated by a polymer supported photosensitizer. Contrary to the described ensembles used for PDT and bioimaging, where the QD is coated with the photosensitizer leading to a nanometric hybrid, in our case the QD is adsorbed on the surface of the micrometric polymeric photocatalyst.
For this study, two photoactive polymers recently described by our group (Pc and Pa in Fig. 1 13 As sensitizing entities we used two types of semiconductor nanoparticles (quantum dots) made of CdSe with a protective shell of ZnS (core-shell CdSe/ZnS), which had also been used previously by us for a number of hybrid materials.
14 The QDs differ in their size, or in other words, in the photoluminescence emission wavelength (480 nm for QD480 and 530 nm for QD530).
The rationale behind this approach was that an effective FRET process would take place leading to indirect excitation of the RB moiety when exciting the QD nanoparticle (Fig. 2) , taking into account the overlapping between the emission of both QDs and the absorption of RB at the polystyrene matrix (see Fig. S1 †). This energy transfer would lead to population of the triplet state of RB and concomitantly to the generation of singlet oxygen. The comparison of two polymers with different surface characteristics and two QDs with different optical properties would give a glimpse about the optimal combination to carry out photocatalytic oxidations.
Hybrids of QDs and Pc or Pa were prepared as indicated in the experimental section (see ESI †). Hexadecylamine coated QDs are prone to precipitate in MeOH hence it was expected that in the presence of the microparticulated photocatalyst the deposition would occur at the surface of this material. The obtained mixtures had a colloidal appearance (Fig. 3) . Microscopic analyses by Scanning Electron Microscopy (SEM) of the dried samples revealed that the morphology of the photocatalysts remained also unaltered as compared to naked Pa and Pc (Fig. 4) . In order to conrm the full deposition of the nanoparticles at the surface of the polymers centrifugation of the samples was performed leading to supernatants with no trace of dissolved QDs.
The photocatalytic properties of the four hybrids QD480@Pc, QD530@Pc, QD480@Pa and QD530@Pa were tested using 9,10-anthracenedipropionic acid (ADPA, 1.2 Â 10 À4 M) in methanol, which is a well-known singlet oxygen trap, which transformation can be easily followed by UV-vis absorption spectroscopy (see Scheme S1 and Fig. S2 †) . 9 The irradiations were conducted with a 450 W xenon lamp as the excitation source and a monochromator to select the 450 nm wavelength (AE1 nm) in order to excite selectively the adsorbed QDs. Fig. 5 presents the conversions of ADPA aer 5 min of irradiation of suspensions of the four mentioned hybrids at different proportions of QD relative to the polymer. This assay was performed starting from a xed amount of Pc or Pa and adding increasing amounts of QDs in order to determine the optimal loading for the desired photoreaction. As it can be seen in Fig. 5 , a loading of only 10.4 mg of QD per mg of polymer caused measurable increases in the conversions of ADPA (in the case of Pc from 7-8% to 10-12% and in the case of Pa from 8-9 to 20-21%). Upon incremental addition of QDs, in separate experiments, the conversions were steadily increasing, upon reaching 45-50% for Pa and 25-30% for Pc. Taking into account these data, a xed value of 41.7 mg per mg of polymer was selected as the loading of QDs in order to perform detailed kinetic determinations. Thus, the UV-vis absorption of ADPA was recorded aer irradiation at 450 nm and tted to a pseudo-rst order kinetics, in agreement with the behavior of other 9,10-disubstituted anthracenes used as singlet oxygen traps.
9 Fig. 6 displays the different kinetic traces obtained for the four hybrids along with the parent polymeric photocatalysts Pc and Pa. The results using RB in solution have also been included for comparison. Note that all the irradiations were done at a wavelength where the absorption of RB is minimal. As a matter of fact, the slope for the homogeneous photosensitizer is almost negligible (red line in Fig. 6 ). In the same way, supported photosensitizers Pc and Pa performed the photooxidation of ADPA at a very slow rate. However, polymers doped with QDs carried out this transformation at much higher rates. It is worth noting that there are notable differences between supports Pc and Pa. The photocatalysts based on the polymers displaying ethylenediamine pendant groups (Pa) are the most active ones, with rate constants of about 0.2 min À1 . Taking into account that polystyrene polymeric matrices are hydrophobic and present an unfavorable swelling in MeOH, these differences can be assigned to a better diffusion of the MeOH solutions to and from the polymeric surfaces where the photocatalysts are located. Nevertheless, the participation of the aminoalkyl moieties present in Pa in the interaction with the QDs on the surface of the polymer cannot be discarded. On the other hand, it deserves to be mentioned that the size of the QDs has little inuence on the photocatalytic performance, since the observed rates are approximately the same irrespective of the nanoparticle used. Thus, the morphology of the polymeric supports and the interaction between QDs and RB (and/or with other functional groups present in the polymeric matrix) seem to affect to this photocatalytic process. It is not possible, currently to provide a conclusive analysis of the nature of the chemical interaction between both systems, in particular due to the low concentration of both components, which hampers any direct measurement through classical approaches. However, in terms of the photo-physical interaction, the way energy is captured by the QDs and transferred to RB follows the Förster's Resonance Energy Transfer mechanism.
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In Table 1 all the data are collected for a better comparison. Additional control irradiations were carried out using only QDs as absorbers (without RB) as potential generators of 1 O 2 . As it can be seen, QDs alone are not able to produce a detectable amount of 1 O 2 , in agreement with literature data.
6,7

Conclusions
In summary, it has been demonstrated that, by means of sensitization with core/shell CdSe/ZnS QDs, it is possible to induce the formation of reactive oxygen species, like singlet oxygen, useful for photocatalytic oxygenations, irradiating at a wavelength not favorable for the photosensitizer. This ) with different load of QD. Note that label 'control' corresponds to no polymer, and label '0 mg mg À1 ' corresponds to non-modified polymers Pc and Pa. Excitation wavelength was 450 nm. phenomenon takes advantage of the broad absorption and high extinction coefficients of these semiconducting nanoparticles combined with the feasibility of an energy transfer to the photosensitizer. This double energy transfer process (QD to RB and RB to O 2 ) could nd applications in areas beyond medicine, namely in sustainable chemistry taking into account that this simple procedure extends the range of excitation of most of the described supported organic sensitizers and hence allows a better exploitation of the only unlimited energy source, which is the light of Sun.
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